Two phase pressure drops were measured for ammonia at a wide range of test conditions in two sizes of vertical mini channels. The test sections were made of stainless steel (AISI 316) tubes with internal diameter of 1.70 mm and 1.224 mm and a uniformly heated length of 245 mm. Experiments were conducted at three saturation temperatures of 23 C, 33 C and 43 C, the heat flux ranging from 15 to 355 kW/m 2 and the mass flux ranging from 100 to 500 kg/m 2 s. The effect of the heat flux, the mass flux, the vapour quality, the saturation temperature and the internal diameter on the two phase pressure drop are presented in this article. Some generalized two phase pressure drop correlations suggested for macro and micro scale channels are examined by comparing them with our experimental data. None of the examined correlations agreed well with the test data. A new correlation (modified form of Tran et al. correlation) is proposed which is able to predict the experimental data with MAD of 16% and 86% of the data is within AE30% range.
Introduction
The transport phenomena in micro channels have gained importance because micro geometries offer higher cooling capability for micro technologies [1] . The advancement in micro fabrication is also important for the application of mini and micro channels. It enables us to precisely manufacture the flow channels ranging from a few micrometres to several hundred micrometres or more [2] . Mini channels offer higher heat transfer capabilities and higher heat transfer coefficients than macro channels [3] . Mini channels can be used for different applications such as electronic cooling, biomedical engineering, automotive industry and compact refrigeration systems etc. Despite many advantages of using mini channels like reduced size, low fluid inventory, reduced cost due to minimum material requirement and compactness, the disadvantage may be higher pressure drop if the system is not designed properly. To get higher heat transfer without increasing pressure drop is a major research task for micro geometries.
Only few published studies are available for mini and micro channels regarding two phase pressure drop of ammonia, and some of the related studies are mentioned below:
Ungar and Cornwell [4] performed flow boiling experiments to investigate two phase pressure drop of ammonia in mini and micro channels. A range of horizontal test sections of diameter 1.46, 1.78, 2.58 and 3.15 mm respectively were used. The two phase frictional pressure drop data was compared with several macro scale correlations. Apart from the homogeneous model with the viscosity definition of McAdams et al. [5] , none of the macro scale correlations predicted the data well.
Two phase adiabatic pressure drop in a micro channel of 148 mm diameter was investigated by Brandon and Hrnjak [6] . A number of refrigerants like ammonia, propane, R410a and R134a were tested in this study. The measured data was compared with several correlations but only Mishima and Hibiki [7] correlation was in good agreement with the experimental data of Ammonia. The authors proposed a new correlation based on Chisholm interaction parameter. The new correlation predicted the data of all refrigerants with a Mean Absolute Deviation (MAD) of 12.6%.
Kabelac and Buhr [8] performed flow boiling experiments with ammonia in smooth and low finned horizontal test sections of 10 mm internal diameter and a length of 450 mm. The test conditions were; mass flux range 50e150 kg/m 2 s, vapour quality range 0e0.9, saturation temperatures À40 to 4 C and a heat flux range of 17e75 kW/m 2 . It was observed that at the same test conditions, the pressure drop of the finned test section was about 50% higher than for the smooth tubes. They compared their experimental data of smooth and finned tubes with many correlations. Among all the prediction methods used, the Chisholm [9] correlation was found to be in best agreement with their experimental data.
Da Silva Lima et al. [10] performed experiments to investigate flow patterns and two phase pressure drop of ammonia in a 14 mm diameter stainless steel tube. The expected trends were observed, i.e. that the two phase pressure drop increases with increasing mass flux and vapour quality. They also compared two phase frictional pressure drop in diabatic and adiabatic flows and found no noticeable influence on frictional pressure drop. Low accuracy of predicting methods were observed except for the correlation of Grönnerud [11] with 93% of the data within an error band of 30%, and the model of Quibén and Thome [12] which best predicted the data with 89% of all data within 20% error band.
One of the objectives of this study is to add data of ammonia for mini and micro channels because of the lack of published data in the literature. This data is particularly interesting because of the very different thermo physical properties of ammonia compared to other refrigerants commonly tested in mini channels. To include the ammonia data will therefore be valuable in the effort to formulate generalised correlations for the prediction of two phase frictional pressure drop in mini and micro channels. Another reason for understanding the behaviour of two phase flow of the natural working fluid ammonia is due to increased concerns of ozone depletion and global warming, as increased knowledge of the performance of this refrigerant may contribute to its use as a substitute to HCFC and HFC refrigerants.
Experimental set up and test procedure
A schematic of the experimental set up is shown in Fig. 1 . A magnetic gear pump (ISMATEC, type MCP-Z standard) circulated the refrigerant, and a (MicroMotion DS006) Corioli mass flow meter was used to measure the flow rate. A pre heater adjusted the inlet temperature of the fluid before the test section. A filter of 7 mm was used to restrict any particles from entering the test section.
The test sections consisted of metal (AISI 316 stainless steel) tubes with inner diameters of 1.70 mm and 1.224 mm. The roughness of the test sections were determined by scanning the inner surface using a method called conical stylus profilometry and scanned images of inner surface of both test sections can be seen in Figs. 2 and 3 . Five profiles of the inner surface of each test section were obtained. It was observed that the inner surface of the 1.70 mm tube is smoother than that of the 1.224 mm diameter tube. The details of the roughness test results are shown in Table 4 where R a represents the arithmetic mean roughness, R v the maximum valley depth and R p is the maximum peak height. Direct electric heating was applied to the test section using a high current, low voltage DC power supply. This direct heating ensured homogeneous heat flux over the test section. The test loop was insulated by thermal insulation. The wall temperatures of the test section were measured by T-type thermocouples. The tip of each thermocouple was electrically insulated and then attached at the outer wall with special epoxy which was thermally conductive and electrically insulating. To measure the fluid temperature at different points in the test loop, T-type thermocouples were installed at the suction and discharge of the pump, at the condenser outlet and at the inlet and outlet of the test section.
The system pressure was monitored by an absolute pressure transducer (Druck PDCR 4060, 20 bar) and the pressure drop by differential pressure transducers (Druck PDCR 2160, 350 and 700 mbar). The heat flux was calculated from the current and voltage of the power input and the surface area of the test section. The inner wall temperatures were calculated by correcting the measured outer wall temperatures using the heat conduction equation. After absorbing heat from the test section, the refrigerant entered the condenser and was condensed to liquid, then it was cooled in the sub-cooler. Finally the refrigerant entered the pump and the loop was completed. The uncertainty analysis of the operating parameters is tabulated in Table 1 .
Heat losses to ambient were experimentally estimated by the following method: Without any fluid flow, the wall temperatures were set at the desired level by adjusting the electric heating. The data was recorded at different heat fluxes and the temperature difference between wall and ambient was plotted versus the applied heat flux. On the basis of the equation of the plot, heat loss calculations were done. For low heat fluxes, the heat loss was 1e2% of the applied power and for high heat fluxes, it was less than 1%.
All tests were performed under steady state conditions. After achieving steady state conditions, the data was recorded for almost 5 min. The temperatures, the mass flow and the system pressure were recorded using a data logger connected to a computer. The data was displayed using HP VEE software. All the thermal and transport properties including enthalpy, density, viscosity and thermal conductivity of ammonia were calculated using REFPROP 7 developed by NIST (National Institute of Standards and Technology).
Data reduction
The thermodynamic vapour quality at any vertical location (z) was calculated as;
where q 00 is the heat flux which is the ratio of the power applied to the test section and the internal surface area based on the heated length, A c the cross-sectional area and z is the location on the heated section at which saturated conditions would be reached, calculated as;
C p is the specific heat of the fluid, _ m the mass flow rate of ammonia, T sat is the saturation temperature and T in the inlet temperature of the test section.
The single phase friction factor for fully developed laminar flow was calculated as follows;
For single phase turbulent flow the Blasius [13] correlation was used:
The measured pressure drop is the sum of inlet contraction, outlet expansion, two phase flow and inlet single phase flow pressure drops.
ðDPÞ measured ¼ ðDPÞ ic þ ðDPÞ oe þ ðDPÞ tp þ ðDPÞ sp (5) In the cases tested, the two phase pressure drop varied from 75 to 92% of the total measured pressure drop. The proportion of single phase pressure drop varied from 3 to 21 %. The proportion of inlet compression and outlet expansion both vary from 1 to 5%.
(DP) ic represents pressure drop due to the contraction at the inlet and can be calculated as [14] ;
where
is the drag compression factor (DP) oe represents pressured drop due to outlet expansion which can be calculated as [14] ;
where s ¼ A 1= A 2 (DP) sp represents the single phase pressure drop at the inlet of test section. Table 2 Pressure drop correlations of macro scale.
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(DP) tp represents the pressure drop due to two phase flow and it includes frictional, gravitational and acceleration part; ðDPÞ tp ¼ ðDPÞ fric þ ðDPÞ grav þ ðDPÞ acc (9) The two phase gravitational pressure drop is calculated as
And the acceleration pressure drop as
where a is defined from Woldesemayat and Ghajar correlation [15] ;
The calculations have also been done using the homogeneous model but the Woldesemayat and Ghajar correlation [15] gave more coherent results.The frictional two phase pressure drop was estimated by subtracting the calculated gravitational and acceleration pressure drops mentioned above from the total two phase pressure drop. The calculated two phase gravitational and acceleration pressure drops vary from 15 to 30% of the two phase pressure drop.
Two phase frictional pressure drop correlations
Macro scale correlations
The two phase frictional pressure drop can be determined by different models. Generally, these can be divided into homogeneous and separated flow models.
In the homogeneous model, the liquid and gas phases are assumed to have the same velocity. In this model, only one phase, with average properties, is considered. Different definitions of average viscosity are reported in Table 2 . The separated flow model is based on the assumption that the two phases are segregated into separated flows that may have different velocities.
The macro scale correlations used in this study are tabulated in Table 2 .
Micro scale correlations
The two phase flow regimes in small diameters tubes are different from those in macro channels [3] . The flow in small diameter tubes is more influenced by surface tension than gravity effects, which is different from macro channels. Based on these differences, it may be assumed that the predicting methods for macro scale pressure drop may not work well for prediction of two phase pressure drop in micro tubes. Mostly micro scale correlations are modified forms of macro scale correlations and are developed by incorporating dominant effects of micro flow in macro scale correlations. Micro scale correlations used in this study are tabulated in Table 3 .
Experimental results and discussion
To validate the instrumentation and the measurements in the test rig, single phase experiments were made. The results in terms of single phase friction factor plotted versus Reynolds number for the 1.224 mm tube are shown in Fig. 4 . As can be seen in this figure, the experimental results correspond well to the classical correlations. The large error bars in the laminar region is due to the very low pressure drop in these cases. The accuracy of the pressure transducer is in this case limiting the accuracy. 
¼ dp dz VO dp dz LO 
Effect of mass flux and vapour quality
Two phase frictional pressure drop as a function of the exit vapour quality at different mass fluxes for 1.70 mm and 1.224 mm tubes, at a saturation temperature of 43 C is shown in Fig. 5 and Fig. 6 respectively. As expected, the pressure drop increases exponentially with mass flux. It can also be seen that the two phase frictional pressure drop is higher for higher exit vapour quality because the average velocity increases due to increase in specific volume at higher vapour fractions. The influence of vapour quality is observed to be more pronounced at higher mass fluxes. Similar trends were also observed by Ali et al. [16] . Fig. 5 ). This can be explained by the large uncertainty in low pressure drop readings.
Effect of saturation temperature
Effect of saturation temperature on two phase frictional pressure drop in 1.70 mm and 1.224 mm tubes is shown in Fig. 7 and Fig. 8 respectively. The two phase frictional pressure drop is plotted against vapour qualities for three saturation temperatures in Fig. 7 and the two phase pressure drop is plotted versus mass fluxes for three saturation temperatures in Fig. 8 . As can be seen, two phase frictional pressure drop is lower for higher saturation temperatures. This can be explained by the fact that the vapour velocity (due to higher vapour density) and also the liquid viscosity decrease with saturation temperature which result in lower pressure drop. These types of trends are also observed by Choi et al. [17] and Revellin and Thome [18] . It can also be observed from Fig. 8 that the influence of saturation temperature is more obvious at high heat flux, i.e. pressure drop at lower saturation temperature increases more at same mass flux with increasing heat flux due to the increased vapour fraction. It can also be seen from Fig. 7 that for a given vapour fraction, the difference between the two phase pressure drop at 23 C and 33 C is higher than the difference between 33 C and 43 C. The difference of liquid to vapour density ratio decreases as we go from lower to higher saturation temperatures which can be a reason for this non uniform difference.
Effect of internal diameter
The two phase frictional pressure drop is plotted in Fig. 9 versus exit vapour fraction for the two tube diameters (fluid was always slightly subcooled at the inlet). As can be seen, pressure drop is higher for the lower diameter tube at equal mass fluxes. The higher pressure drop in the smaller diameter tube is caused by the higher wall shear stress, caused by the higher velocity gradient in this tube. Similar results were also observed by Revellin and Thome [18] .
Comparison with correlations
The two phase pressure drop is compared with well known correlations from the literature. The details of the presented correlations can be found in Table 2 and Table 3 . The two phase frictional pressure drop gradients are calculated by dividing the test section in ten segments for each correlation and these local pressure drop gradients are summed up to calculate the total two phase frictional pressure drop. Fig. 10a shows the experimental two phase frictional pressure drop plotted versus predicted frictional pressure drop by the homogeneous model using the two phase viscosity definition of Chicchitti et al. [19] . The homogeneous model assumes equal velocities of vapour and liquid and the fluid is considered as single phase. This model under predicts the data with a Mean Absolute Deviation (MAD) of 27%. Similar trends were also reported by Owhaib et al. [3] . It should be noted that the spread in the results is small, and that the deviation is linear, indicating that with a change in the leading constant this correlation would give good predictions for all tests.
Comparison with macro scale correlations
The predictions of the Lockhart and Martinelli correlation [20] are shown in Fig. 10b .This correlation is based on the separated flow model. This is the only correlation used in this study that predicts the data well at higher mass fluxes and high outlet vapour but overall this correlation over predicts the experimental data with a MAD of 39%, and the spread of the predictions is large.
Many micro scale correlations are modified forms of the Lockhart and Martinelli correlation [20] . This correlation uses a two phase multiplier to determine the two phase frictional pressure gradient. The two phase multiplier is a function of the Martinelli parameter X and the Chisholm parameter C. The value of C varies from 5 to 20 depending on the liquid and gas flow regimes [29] . In this study according to the flow regimes in these experiments, mostly the C value of 12 and 20 is used. The two phase multiplier with different values of C and Martinelli parameter for all saturation conditions and diameters are plotted in Fig. 11 . The experimental data points are also shown in the Fig. 11 . From these plots, it can be observed that if a C value of 4e6 for 1.70 mm tube and a value of 9e12 for 1.224 mm tube are used then the experimental data can be predicted quite precisely by Lockhart and Martinelli Correlation [20] . The C value may be calculated by incorporating the factors which are dominant in micro channels. It has been suggested that if the Lockhart and Martinelli correlation [20] is to be used, parameter C should be determined not only from the flow regimes, but also from the channel size [21] .
A comparison of the Chisholm correlation [9] with our experimental data is presented in Fig. 10c .This correlation was developed for turbulent flow pressure drop. This correlation over predicts our experimental data with a MAD of 100% mainly due to over prediction of the lower pressure drops, for which there are many data points. The spread of the data is slightly less than for the Lockhart-Martinelli correlation [20] . Fig. 10d shows the comparison of experimental two phase frictional pressure drop with the Friedel correlation [22] . As the Lockhart and Martinelli [20] correlation, this correlation is based on the separated flow model. This correlation is developed for macro scale channels where the flow is turbulent even at lower mass fluxes in contrary to micro scale channels, where the flow is laminar except at the highest mass fluxes. This correlation predicts the data with MAD of 25% and in general, the predictions are similar to that of the homogeneous model. Fig. 10e shows the comparison of the Müller Steinhagen and Heck [23] correlation with the experimental frictional pressure drop. Tribbe and Müller Steinhagen [24] showed by using aireoil, airewater, steamewater and several refrigerants that this correlation is one of the best predicting methods of two phase pressure gradient in macrochannels. This correlation is able to predict our experimental results for the two tubes with a MAD of 27% with a small spread of the results, similar to the homogeneous model.
The Grönnerud [11] correlation was developed for refrigerants in larger diameter tubes. This correlation under predicts our experimental data with a MAD of 51% as is shown in Fig. 10f . Also, the spread of the results is large.
Da Silva Lima et al. [10] observed similar predictions of Lockhart and Martinelli [20] , Friedel correlation [22] and Müller Steinhagen and Heck [23] when they performed experiments with ammonia in a smooth horizontal macro channel of 14 mm internal diameter.
Comparison with micro scale correlations
The micro scale correlations are also compared with the experimental data of ammonia to check their predicting capability.
Predictions of the micro channel correlation suggested by Mishima and Hibiki [7] are shown in Fig. 12a . This correlation is a modified form of the Lockhart and Martinelli [20] correlation in which a new C value is suggested by incorporating the effect of channel diameter. As shown, the spread is very small, but the MAD Fig. 9 . Two phase frictional pressure drop versus exit vapour quality for different diameters.
is fairly large, 32%, mainly due to large deviations for the case of high pressure drop, i.e. high mass flux and/or high outlet vapour fraction. Owhaib et al. [3] did flow boiling experiments of R134a in a vertical stain less steel test section in the same test rig as used in this study and Ali et al. [16] performed experiments of R134a in a horizontal glass test section. In these studies it was observed that Mishima and Hibiki [7] predicted the experimental data with a MAD of 22% and 19% respectively. Therefore Mishima and Hibiki [7] correlation under predicted the experimental data more in this study, with ammonia, than in our previous studies with R134a [3, 16] but with similar prediction trends. Still, the small spread in the results indicates that this correlation is able to catch the influence of important parameters.
The Zhang and Webb [25] correlation is a modified form of the Friedel [22] correlation. They excluded the Weber number and the Froude number because the two phase multiplier in the Friedel [22] correlation was a weak function of We and Fr and included the effect of reduced pressure. This correlation predicts most of the data within AE30%. However, the spread is large, as can be seen in Fig. 12b . The MAD is 29%.
The correlation of Tran et al. [26] incorporates the surface tension effects and confinement number. This correlation was found to work well in our previous study for R134a by Ali et al. [16] but for the ammonia data in this study, this correlation over predicts the data with a MAD of 205%. Also, the deviation is much larger for the smaller diameter tube. The data is shown in Fig. 12c . Cavallini et al. [27] observed similar predicting trends when they compared their experimental data of three refrigerants (R236ea, R134a, R410A) in multiport mini channels with Tran et al. [26] correlation.
New proposed correlation
To develop good prediction method for the two phase pressure drop in mini and micro channels, there are certain parameters like surface tension and confinement effects which need to be considered in addition to the parameters normally considered in macro channels. One way to consider these parameters is to include the Confinement number (Co) defined as;
If Co is greater than one, which is the case in this study then the surface tension forces becomes important. Tran et al. [26] developed a micro channel correlation with the inclusion of surface tension in terms of the Confinement number (Co). The Confinement number of different fluids vary under the same experimental conditions. For the same hydraulic diameter, the Confinement number of ammonia is more than two times that of R134a, R22 and R113 on the basis of which Tran et el [26] . correlation was developed Therefore, in this study Tran et al. [26] correlation has been modified for the prediction of ammonia two phase pressure drop. The new proposed correlation, as can be seen in Fig. 13 , predicts all the experimental data with MAD of 16% and 86% of the experimental data is within the range of AE30%. The functional form of the proposed correlation (modified form of Tran et al. [26] correlation) is; dp dz f ¼ dp dz 
Y 2 ¼ dp dz VO dp dz LO 
Conclusions
Two phase pressure drop experiments of ammonia were performed in two stainless steel (AISI 316) vertical channels of internal diameters of 1.70 mm and 1.224 mm. The tests were done at three different saturation pressures. Effects of different parameters on two phase pressure drop were investigated. The main conclusions are; ➢ The comparison of the experimental data of ammonia with the existing macro scale correlations shows that none of the correlations predicted the data well. The predicting methods which give better predictions include homogeneous model, Müller Steinhagen and Heck [23] and Friedel [22] , all three under predicting the experimental results with a rather small spread among the data points. The mean absolute deviations, Fig. 13 . Comparison of two phase experimental frictional pressure drop with proposed correlation. MAD, were 27%, 27% and 25% for these correlations respectively. ➢ Micro scale correlations like Zhang and Webb [25] and Mishima and Hibiki [7] predicted our experimental data with a MAD of 29% and 32% respectively. The spread between the data points was much smaller for the Mishima and Hibiki correlation, but this correlation under predicted most data. The Zhang and Webb correlation caught the general trend, but the spread in the data was much larger. ➢ A new proposed correlation, a modified form of Tran et al.
[26] correlation, is able to predict all experimental data with MAD of 16% and 86% of the experimental data is within AE30% range.
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